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In all cells Ca2+ signals are key to controlling a spectrum of cellular responses. Ca2+ signals activated by phospholipase C-coupled receptors
have two components—rapid Ca2+ release from ER stores followed by slower Ca2+ entry from outside the cell. The coupling process between ER
and PM to mediate this “store-operated” Ca2+ entry process has remained a molecular and mechanistic mystery. Through a combination of high
throughput screening and molecular physiological approaches, the machinery and mechanism of this process have been elucidated. Two proteins
are key to the coupling process. STIM1, a single spanning membrane protein with an unpaired Ca2+ binding EF-hand functions as the sensor of
ER luminal Ca2+ and through redistribution in the ER transduces information directly to the PM. Orai1, a tetra-spanning PM protein, functions as
the highly Ca2+ selective channel in the PM that is gated through interactions with the store-activated ER Ca2+ sensor. This molecular pas-de-deux
between ER and PM components represents not only a crucial signaling pathway, but also a new paradigm in inter-organelle communication.
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ranging from short-term responses such as contraction and
secretion to longer-term regulation of transcription, growth and
cell division [1,2]. Receptor-induced Ca2+ signals involve two
closely coupled components—rapid, inositol 1,4,5-trispho-
sphate-mediated Ca2+ release from ER stores, followed by
Ca2+ entry through store-operated channels (SOCs) [1,3–6].
The activation of SOCs is key to mediating longer-term
cytosolic Ca2+ signals and replenishing intracellular stores
[4–6]. In many cell types, including hematopoietic cells, SOCs
carry a highly Ca2+-selective, non-voltage-gated, inwardly
rectifying current, termed the Ca2+ release activated Ca2+
current, or ICRAC [3,5,6]. Despite intense study, molecular
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doi:10.1016/j.bbamcr.2006.09.023operated Ca2+ entry remained elusive [5,6]. Recent high
through-put RNAi screens revealed stromal-interacting mole-
cule (STIM1), is required for SOCE [7,8] and conductance
through CRAC channels [9]. STIM1 is likely the “sensor” of
Ca2+ within ER Ca2+ stores [8,10], moving in response to store-
depletion into ER puncta close to the PM [8]. More recently,
store-operated Ca2+ entry and the function of CRAC channels
have also been shown to require the plasma membrane four-
transmembrane spanning protein, Orai1 or CRACM1 [11–13].
This revelation came from a combination of elegant studies
including genome-wide RNAi screening [11–13] and modified
linkage analysis identifying an Orai1 mutation as the cause of
severe combined immune deficiency which results in ablated T-
cell Ca2+ entry [11]. The naturally occurring R91W mutation in
Orai1 led to elimination of ICRAC [11], as did Orai1 knockdown
[11,12]. While expression of Orai1 wt restored CRAC to normal
levels [11], the exact role of Orai1 in CRAC activation was not
established. However, subsequent studies established that
expression of STIM1 and Orai1 in combination results in an
enormous gain in function of store-operated Ca2+ entry and
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followed by studies showing that point mutations in Orai1 could
alter the Ca2+ selectivity of CRAC [17–19]. Hence, SOCE is
the product STIM1-mediated sensing of ER Ca2+ content
leading to activation of PM-localized Orai1 channels. The
following sections describe details of the discovery and
functional elucidation of the mechanisms involved in this
inter-organelle signaling pathway.
1. STIM proteins—history and structure
Whereas the involvement of STIM in Ca2+ entry has been
determined only recently, the protein has been identified and
studied for a number of years. The protein was originally
recognized and named SIM (stromal-interacting molecule) from
a novel screening of cell surface expressed proteins on stromal
cells by using a signal-sequence trap method to identify
membrane proteins [20]. This protein was identified as a type-
1 (single-spanning) cell surface membrane protein, and was
shown to interact with and alter survival and proliferation of
pre-B cells [20]. The gene was mapped to human chromosome
11p15.5 [21] and determined to act as a recessive tumor
suppressor [22]. Renamed STIM1, it was shown to induce
growth arrest and degeneration of a number of human tumor cell
lines [22–24]. Dziadek and coworkers continued to examine
STIM1 showing by immunofluorescence and cell surface
biotinylation that it is located at the PM. Western analysis
revealed the 90-kDa protein is ubiquitously expressed in human
primary and tumor cell lines, and that the protein undergoes
phosphorylation (mostly on Ser, some Thr) and N-linked
glycosylation [25] (Fig. 1). A rather thorough biochemical
investigation of STIM1 was undertaken [26] and a second gene
product, STIM2, was identified with a structure very similar toFig. 1. Structure and distribution of STIM proteins. Top panel: comparison of the
binding regions, sterile-alpha motifs (SAM), glycosylation sites (hexagons), transme
(ERM), and proline rich domains (P). Bottom left panel: Domain topologies for S
(red P). Lower right panel: distribution of STIM1 and STIM2 in the PM and ER.STIM1. The single homologue in Drosophila has a highly
conserved genomic organization indicating that the two
vertebrate STIM genes arose from a single ancestral gene.
STIM1 and STIM2 both contain a single SAM (sterile alpha-
motif) domain and an unpaired EF hand within the highly
conserved extracellular region. N-linked glycosylation appears
on two Asn residues in STIM1 and one in STIM2, all within the
SAM domain. Beyond the single conserved transmembrane
segment, both proteins have two coiled-coil (CC) domains that
are also highly conserved in structure and position. The STIM
proteins diverge significantly within the C-terminal half of the
cytoplasmic domain. Co-immunoprecipitation provides clear
evidence that the two proteins are associated in vivo. Indeed,
there are both homotypic and heterotypic interactions between
the two proteins, and these interactions may be mediated by
association between the coiled-coil regions of the C-terminus
[27]. While STIM1 is expressed at the cell surface and within
ER, we determined the STIM2 protein is expressed only
intracellularly [28], likely reflecting an ER-retention signal
(KKXX) present in STIM2 but not STIM1.
2. STIM1 is the sensor of intraluminal Ca2+
Novel high through-put RNAi-based screens to assess
proteins required for SOC activation in Drosophila and
human cells consistently identified STIM proteins as being
essential for SOC activation [7,8]. In these selective screens,
there was no effect on SOC activation of knockdown of many
other gene products including channels, channel-like proteins,
transporters, including known members of the TRP channel
families [7,8]. It was clear that suppressed STIM1 expression
prevents store-operated Ca2+ entry and eliminates the store-
dependent activation of CRAC channels [7–9]. The STIM1sequence domains of STIM1 and STIM2 proteins including the EF-hand Ca2+
mbrane domains (TM), coiled-coil regions, ezrin–radixin–moesin-like domains
TIM1 and STIM2—potential serine/threonine phosphorylation sites are shown
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this function being mediated via the EF-hand Ca2+-binding
domain on the N-terminal ER luminal portion of STIM1.
Decreased ER Ca2+ results in a profound intracellular
redistribution of STIM1 from a uniform ER pattern to spatially
discrete areas termed puncta [8–10,28]. Mutation of the EF-
hand in STIM1 to reduce its Ca2+ affinity results in the highly-
selective CRAC channel being fully and constitutively active—
without any release of luminal Ca2+ [9]. The EF-hand-mutated
STIM protein is already distributed in puncta, exactly mimick-
ing the store-depleted mode [8]. These results are highly
consistent with the premise that the EF-hand is indeed the
luminal Ca2+ sensor for SOCs. The single un-paired EF-hand
would be expected to have low Ca2+ affinity ideally suited to
sense the high levels of Ca2+ within the ER lumen. At rest, these
levels are likely to be in the 0.5–2.0 mM range.
3. Location and function of STIM1
As a sensor of luminal Ca2+, the presence of STIM1 in the
ER would be expected. TIRF microscopy reveals that the store-
induced puncta containing STIM1 are still intracellular although
in close proximity to the PM [8]. Indeed, using N-terminally
YFP-labeled STIM1, there was no appearance of STIM1Fig. 2. Models for the proposed actions of STIM1 in the activation of SOCs. (A) Cell
are shown predominantly in the ER but also in the PM. The store-operated channel (y
aggregated into puncta shown as distinct regions of ER close the plasma membrane. (
the PM. (D) The high content of STIM1 in the PM is sufficient to activate SOC
“interactional” model, the aggregated STIM1 in puncta near the PM conformatio
reorganization of STIM1 in the plasma membrane. (F) This reorganization induces f
again to channel activation.insertion into the plasma membrane. While the majority of
endogenously expressed STIM1 may be in the ER, the earlier
studies conclusively proved that a significant proportion of
STIM1 is in the PM [25–27]. Moreover, we recently revealed
that STIM1 has a functional presence in the PM based on the
blocking action of an externally applied N-terminal STIM1
antibody [9]. It was recently reported that store-emptying causes
increased surface expression of STIM1 suggesting that it is
translocated to the PM in response to store-depletion [10]. Thus,
an “insertional”model was suggested for the function of STIM1
in SOC activation (Fig. 2). However, whether the STIM1
protein is translocated from the ER membrane to the PM as a
result of emptying stores has become controversial. After the
initial report suggesting this occurs [10], two further reports
have provided strong evidence against the occurrence of store-
dependent translocation to the PM [16,28]. Thus, while STIM1
appears to play a functional role in the PM, its physical
translocation during the process of store-depletion seems
unlikely. Instead, we considered an “interactional” model
(Fig. 2) in which coupling to activate SOCs occurs through
the STIM1 protein in the ER interacting directly with
components in the PM. These PM components may be
STIM1 itself present and required within the PM for SOC
activation [9] as shown in the model. However, the STIMat rest with ER stores filled with Ca2+. STIM1 molecules (pink) with Ca2+ bound
ellow) is closed. (B) Upon Ca2+ depletion of ER, the ER STIM1 proteins become
C) In the “insertional”model, the STIM1 protein is translocated and inserted into
s shown as a hypothetical interaction between STIM1 and SOCs. (E) In the
nally couples to STIM1 pre-existing in the PM and causes association and
ormation of a similar hypothetical complex between STIM1 and SOCs leading
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described later. This interactional model is compatible with the
“conformational coupling” model for SOC activation originally
proposed by Irvine and Berridge [29,30] supported by evidence
that close-interactions, but not ER–PM fusion, are involved in
SOC activation [5,6,30–32]. In Fig. 2, the model depicts
junctional interactions between ER and PM being induced as a
result of store-emptying. However, the question of whether such
close ER–PM interactions are preexisting or whether they form
as a consequence of store-depletion is unknown. What is known
is that store-emptying does not have a major influence on the
distribution of ER in cells. Thus, while STIM1 distribution is
profoundly altered by store-emptying, the overall distribution of
ER markers under the same store-emptying conditions was not
significantly changed [8]. Based on these studies we suggest
that STIM1 has a dual role, functioning both as an ER Ca2+
sensor and as a transducer to convey the information to PM
SOCs.
4. Role of STIM2
While the STIM1 protein has been shown to play a crucial
role in this coupling process [7–10], the role of the closely
related STIM2 protein remained unclear. In recent work, we
revealed that expression of STIM2 has a powerful inhibitory
effect on SOC activation in a variety of different cells including
HEK293 cells, PC12 pheochromocytoma cells, A7r5 smooth
muscle cells, and Jurkat T cells [28]. This contrasts with the
large gain of SOC function in STIM1-expressing cells [9,28].
The studies revealed that STIM2 is expressed only intracellu-
larly (see Fig. 1) in contrast to STIM1 which is expressed in
both ER and on the plasma membrane. While store-depletion
induces a massive redistribution of over-expressed STIM1 into
the characteristic near-PM puncta, STIM2 over-expressed alone
does not undergo visible reorganization into puncta after store-
depletion [28]. However, STIM2 does translocate into puncta
upon store-depletion when coexpressed with STIM1. Thus,
double-labeling studies reveal coincidence of STIM1 and
STIM2 within the puncta, and immunoprecipitation reveals
direct interactions between STIM1 and STIM2 [28]. Indepen-
dent of store-depletion, STIM2 co-localizes with and blocks the
function of a STIM1 EF-hand mutant that preexists in puncta
and is constitutively coupled to activate SOCs. Thus, while
STIM1 is a required mediator of SOC activation, STIM2 is a
powerful inhibitor of this process, interfering with STIM1-
mediated SOC activation at a point downstream from the
formation of puncta. The opposing functions of STIM1 and
STIM2 suggests they may play a coordinated role in controlling
SOC-mediated Ca2+ entry signals.
5. Orai proteins—the missing link for SOCs
Very recently, store-operated Ca2+ entry and the function of
CRAC channels have been shown to require another protein, in
this case, a plasma membrane four-transmembrane spanning
protein, named Orai1 or CRACM1 [11–13]. This revelation
came from a combination of elegant studies including genome-wide RNAi screening [11–13] and modified linkage analysis
identifying an Orai1 mutation as the cause of a rare but severe
combined immune deficiency which results in ablated T-cell
Ca2+ entry [11]. The naturally occurring R91W mutation in
Orai1 led to elimination of ICRAC [11], as did Orai1 knockdown
[11–13]. Expression of wildtype Orai1 restored CRAC channel
activity to normal levels in cells taken from immune-deficient
patients [11]. Initially the protein was not recognized as being
related to other known channel proteins, hence it was unclear
whether it was the channel moiety of SOCs or if it was yet
another protein involved in coupling or regulation of SOCs.
From new work it is now clear that the Orai1 protein fulfills all
the criteria of being the store-operated channel moiety itself
[13–19]. The Orai1 protein is expressed largely in the PM and
from labeling studies, the N and C termini of the tetraspanning
membrane protein both exist within the cytoplasm [11,18].
There are three closely related and widely expressed Orai genes
(Orai1, Orai2, and Orai3) [11]. Hence, heteromeric combina-
tions of these proteins may result in channels with distinct
regulatory and/or coupling processes.
6. Orai1 coexpressed with STIM1 are sufficient to
reconstitute SOCs
In some dramatic recent experiments, the combined expres-
sion of STIM1 and Orai1 resulted in an extraordinarily large
gain of SOC function indicating that the PM Orai1 protein is
likely the channel entity mediating SOC function [13–16]. The
function of Orai1 was examined by expressing it in HEK293
cell lines stably expressing STIM1 [15]. While significant store-
operated Ca2+ entry can be observed in HEK293 cells, the levels
of endogenous CRAC channel in these cells are extremely low.
Remarkably, despite its necessity in store-operated Ca2+ entry
[11,12], Orai1 expressed in vector-control cells strongly
suppressed Ca2+ entry (Fig. 3). The presence of over-expressed
STIM1 caused a modest enhancement of store-operated Ca2+
entry consistent with earlier results [9,28]. Dramatically, Orai1
coexpressed in STIM1-expressing cells resulted in a massive
and rapid increase in store-operated Ca2+ entry (Fig. 3A). No
significant change in store-content was observed under any of
these expression conditions. In vector-control cells, the
maximal increase in cytosolic Ca2+ resulting from store-
emptying was approximately 150 nM. This value decreased to
approximately 50–70 nM in Orai1-expressing vector control
cells. In contrast, using STIM1-expressing cells, the expression
of Orai1 resulted in a staggering 25- to 30-fold increase in the
maximal level of cytosolic Ca2+ mediated by store-emptying, in
experiment, Ca2+ rising to approximately 3400 nM (Fig. 3A).
Most significantly, the initial rate of Ca2+ entry into Orai1/
STIM1-expressing cells was enormously increased, in this
experiment by 103-fold compared with vector-expressing cells.
All of the increased Ca2+ entry due to Orai1/STIM1 expression
was dependent on store-depletion. Hence, no change in resting
Ca2+ levels could be detected with any combination of
expression of Orai1 and STIM1 (Fig. 1B). Moreover, the
huge increase in store-operated Ca2+ entry was rapidly blocked
by application of 50 μM 2-aminoethoxydiphenyl borate (2-
Fig. 3. Coexpression of STIM1 and Orai1 reconstitutes store-operated Ca2+ entry and CRAC channel function. Ca2+ concentration was monitored in HEK293 cells
stably expressing wt human STIM1 or empty pIRES vector after transient transfection with Orai1 or empty vector. (A) HEK293 cells were pretreated with thapsigargin
(2 μM) in the absence of extracellular Ca2+ (10 min) to deplete Ca2+ stores. 1 mM Ca2+ was added at the arrow to assess SOCE. (B) 1 mM Ca2+ was added to store-
replete cells that had briefly (∼5 min) been maintained in nominally Ca2+-free medium. (C) HEK293 cells expressing both STIM1 and Orai1 were pretreated with
thapsigargin (2 μM) in the absence of extracellular Ca2+ (10 min) to deplete Ca2+ stores. 1 mM Ca2+ was added at the arrow to assess SOCE. 5 μM 2-APB followed by
50 μM 2-APB were added as indicated by their respective arrows. (D) Representative time course of the activation of CRAC-like current in recorded at −80 mV in
stable STIM1-expressing HEK293 cells. Maximal current recorded is approximately 0.8 pA/pF. (E) I/V profile for CRAC-like channel activity measured in stable
STIM1-expressing cells transfected with Orai1. The maximal current density measured at −80 mV was greater than 100 pA/pF (not shown).
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channel function [33,34].
These results indicated that the Orai1 protein was increasing
the density of store-operated channels. We also examined the
effects of Orai1 and STIM1 expression on the density of CRAC
channels measured in the rat basophilic lymphoma (RBL) mast
cell-derived line [15]. Consistent with the HEK293 results, the
expression of Orai1 was strongly inhibitory on ICRAC. Expres-
sion of STIM1 caused a modest enhancement of ICRAC, whereas
coexpression of both Orai1 together with STIM1 resulted in a
substantial increase in CRAC channel activity. The current
density in vector-transfected cells was 1 pA/pF. Coexpression of
Orai1 with STIM1 increased the current some 9-fold above to a
total of almost 10 pA/pF. Despite this big increase in current, the
I/V profile in the absence or presence of Orai1 and STIM1
revealed inward rectification and a reversal potential of
approximately +50 mV, typical of the highly Ca2+ selective
CRAC channel [3,6]. Using, HEK293 cells, we observed an
even larger increase in CRAC-like channel activity. Thus, as
shown in Fig. 3D, the maximal level of CRAC-like channel
activity in stable STIM1-expressing HEK293 cells was less than
1 pA/pF. When Orai1 was expressed in these same stableSTIM1 cells, the level of CRAC-like channel activity increased
to over 100 pA/pF [15]. As shown in Fig. 3E, the I/V profile
under these conditions was again typically inwardly rectifying,
and with a reversal potential of +50 mV. Thus, the 100-fold
increase in CRAC channel function corresponds extremely well
with the 100-fold increase in rate of Ca2+ entry. The results
provide strong evidence that Orai1 is providing the channel
function and that Orai1 and STIM1 are both necessary and
sufficient to give CRAC channel function.
The scheme shown in Fig. 4A represents the simple model in
which, after store-depletion, aggregated STIM1 within the near-
PM puncta, interacts via it cytoplasmic C-terminus directly with
the Orai1 protein, activating the channel function of the latter. In
their recent paper, Yeromin et al. [17] provide strong co-
immunoprecipitation data to show that the Orai1 and STIM1
proteins interact, and more significantly, that store-emptying
results in increased interaction between the proteins. This does
not completely prove that the two proteins directly interact or
that the interaction is intra-membrane. Indeed, it is important
not to disregard the earlier information that STIM1 plays a
functional role in the PM [9]. Hence, the scheme shown in Fig.
4B may be more accurate in which intra-membrane interactions
Fig. 4. Models for the function of STIM1 and Orai1 in the activation of store-
operated channels. (A) Scheme in which ER-STIM1 directly interacts with and
activates Orai1 in the PM. (B) Scheme in which ER-STIM1 directly interacts
with STIM1 in the PMwhich then associates with and activates Orai1 in the PM.
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latter then interacts with and activates Orai1.
7. Orai1 and STIM2—a different picture
As discussed above, STIM1 and STIM2 are close in structure
but STIM2 has an opposing inhibitory action on SOC-mediated
Ca2+ entry [28]. We utilized stable STIM2-expressing HEK293
cells to examine the functional interaction between Orai1 and
STIM2. Combined expression resulted in a substantial increase
in constitutive Ca2+ entry, that is, entry occurring in store-replete
cells [15]. As described above, STIM2 expressed alone does not
visibly change its ER distribution in response to store depletion
[28], and we presumed does not enter puncta. However, we
suspect that a many-fold increase in STIM2 expressed through-
out the ER might lead to the presence of some STIM2 in puncta,
independently of altered luminal Ca2+. Thus, at high levels of
STIM2 expression, while it is normally an inhibitor of SOCs,
STIM2may mimic the action of STIM1 and, through interaction
with overexpressed Orai1, result in significant constitutive SOC
activation [15]. Quite unexpectedly, the STIM2-mediated
constitutive Ca2+ entry was enormously enhanced by 50 μM
2-APB [15], normally a strong inhibitor of SOCs at this level
[33–35]. Dramatically, overexpression of Orai1 in STIM2-
expressing HEK293 cells increased the 2-APB-induced Ca2+
entry to levels approaching Orai1/STIM1-expressing store-
depleted cells [15]. Electrophysiological measurements in
Orai1/STIM2-transfected HEK293 cells revealed constitutive
but otherwise typical CRAC-like current (with I/V relationship
similar to Fig. 3E) of approximately 7 pA/pF, which increased to
over 70 pA/pF in the presence of 50 μM 2-APB [15]. The action
of 2-APB on store-operated Ca2+ entry is normally biphasic—
lower 2-APB (less than 10 μM) enhancing, while higher levels
of 2-APB (50–100 μM) strongly inhibiting Ca2+ entry or CRAC
activity [33,34]. Likely, this reflects two distinct sites of action of
high and low affinity, respectively [34]. As suggested previously
[9], the inhibitory (low-affinity) target of 2-APB on physiolo-
gical SOC activation may be the STIM1 protein itself. Hence,
when STIM2 rather than STIM1 couples to the channel, 2-APB
does not inhibit. Instead, the high-affinity 2-APB site dominates,leading to enhanced Ca2+ entry. Notwithstanding the intricacies
of 2-APB′s mechanism of action, the high level of Ca2+ entry
observed in the presence of overexpressed Orai1 is the
predominant effect, consistent again with Orai1 providing the
channel component.
8. Why does Orai1 expressed alone inhibit SOC?
A significant question is why overexpression of Orai1 results
in substantially lower store-operated Ca2+ entry in HEK293
cells (Fig. 3A) or decreased CRAC channel activity in RBL
cells [15]. We would explain this by assuming that over-
expression of Orai1 alters coupling stoichiometry, consistent
with theories previously presented by Putney [36]. Thus,
assuming that at least one sensor must interact with each
channel subunit, excessive expression of channel subunits
(Orai1) as compared to the expression level of sensors (STIM1)
is likely responsible for the observed reduction in successful
coupling. Thus, this inhibitory action of Orai1 provides
potentially useful information on the functional coupling
stoichiometry that exists between the two proteins.
9. Orai1 contains the pore-forming domain of SOCs
While Orai1 appears to be a necessary component the store-
operated channel, it was important to ascertain whether Orai1
contains structural domains that would account for formation of
the highly Ca2+-selective channel pore. Examination of the
molecule revealed a small highly conserved region extending
from the end of the first transmembrane domain into the first
extracellular loop between the first and second transmembrane
domains. In Orai1, this 9-amino acid region is residues 106–114
and is closely conserved in the three mammalian Orai proteins
and also in the Drosophila protein (Fig. 5, top inset). This is a
highly acidic region with a glutamate (position 106), glutamine
(position 108), and three aspartate residues (positions 110, 112,
114), strongly suggesting a Ca2+ binding site, perhaps the
entrance of the pore. We used HEK293 cells in which the
background of Orai1 had been substantially reduced by Orai1-
specific siRNA (Fig. 5B) to investigate the effects of knocking
back in mutated Orai1 constructs. Knock back of the E106A or
D112A Orai1 mutants resulted in almost no store-operated Ca2+
entry (Fig. 5C). The other mutants, Q108A and D110A, resulted
in reduced Ca2+ entry, and the D114A mutant had little effect.
Interestingly, the E106A mutant had a powerful dominant
negative effect such that its expression even in normal HEK293
cells resulted in no SOC-mediated Ca2+ entry [19]. Most
importantly, from three new and independent studies [17–19],
the E106 residue has been shown to be critical for defining the
Ca2+ selectivity of CRAC channel function. Hence, the subtle
E106D mutation in which the acidic residue is reduced in size,
results in a dramatically reduced cation selectivity of the CRAC
channel allowing monovalent cations as well as divalent cations
to move through the channel [17,18]. Examination of the four
transmembrane domains of Orai1 reveals that the third
transmembrane domain contains a glutamate residue (E190)
almost midway through the spanning helix. When this residue is
Fig. 5. The role of the acidic 106 to 114 region in Orai1. Ca2+ concentration was monitored in HEK293 cells stably expressing human STIM1 that were pretreated with
thapsigargin (2 μM; 10 min). (A) Predicted structure of Orai1, showing transmembrane (TM) domains (orange cylinders), proline-rich domain (blue P)
phosphorylation sites (red “P”) and key acidic and polar residues. The pore-forming loop of acidic residues (E106, Q108, D110, D112, and D114) in the TM1–TM2
extracellular loop is shown. Also shown is the E190 residue within the TM3 domain which also contributes to pore-formation. The R91 residue (green “R”) at the
beginning of TM1 is crucial to function. Naturally mutated to W in SCID patients, the channel loses function likely as a result of the lack of interaction of the positively
charged arginine with negatively charged phospholipid headgroups that may “fix” the TM region longitudinally within the bilayer. (B) Cells transiently transfected
with Orai1 siRNA (901–926) or a scrambled control sequence showing largely absent store-operated Ca2+ entry. (C) Orai1 siRNA-treated cells were transiently
transfected with Orai1 containing a silent mutation (G906T; C915A) for protection from siRNA. Neutralization of the acidic and polar residues between aa106 and
aa114 led to profound changes in the amount of store-operated Ca2+ entry, as depicted. Inset: conservation of amino acids residues in this region in Drosophila Orai,
and the mammalian Orai1, Orai2, and Orai3 proteins.
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cation selectivity [18,19] indicating that this residue likely also
contributes to forming the cation-conducting pore of the Orai1
molecule. Strangely, mutation of the E109 to an alanines does
induce a change in channel function, but the basis for this is
presently uncertain.
10. Conclusions and future questions
From the new information on the function of the STIM1
and Orai1 proteins [7–11,13–19,28], we can now rather
definitively conclude that the two proteins are both necessary
and sufficient to mediate the process of store-operated channel
function. The proteins mediate the three necessary parameters
of this process—sensing of ER Ca2+, transduction of this
signal to the PM, and opening of a highly selective channel
located in the PM. While these revelations answer the basic
questions on store-operated channel function, there are many
other questions that arise. Thus, the whole question of the role
of TRP channels in the process is unanswered. There is a huge
literature on the store-operated role of many of the TRPC
channel family members [5,6]. Recent information indicates
that the STIM1 protein can interact with and cause the
activation of TRPC1 channels [37,38]. However, the relation-
ship between the three Orai proteins and the six mammalianTRPC channels will be an interesting one to examine. The
question of whether these channels exist in the same PM
domains that interact with STIM-containing puncta also
remains to be determined. Clearly, the nature of these
domains, the proteins which are contained within them, and
the functional inter-membrane interactions that occur, are
questions of enormous significance.
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